Introduction
============

Distal myopathy is characterized by weakness and atrophy of distal limb muscles and is genetically heterogeneous.^[@bib1]^ Slow/beta cardiac myosin heavy-chain (*MYH7*) gene is one of the causative genes. Mutations in the *MYH7* gene are related to some muscle diseases, including familial hypertrophic or dilated cardiomyopathy,^[@bib2],[@bib3]^ Laing distal myopathy (LDM)^[@bib4]^ and myosin storage myopathy.^[@bib5]^ The most common clinical manifestation of LDM is slowly progressive distal limb-muscle weakness, especially in the tibialis anterior and toe extensors muscles, with an early childhood onset. The disease is caused by mutations in the *MYH7* gene, which is mainly located in the region encoding the mid-rod domain of the myosin heavy chain.^[@bib6; @bib7; @bib8]^ Recently, it has been described in some reports that LDM shows wide variations of clinical manifestations.^[@bib9; @bib10; @bib11; @bib12]^

In this study, we analyzed a five-generation Chinese family with suspected limb-girdle muscle dystrophy (LGMD) using linkage analysis and whole exome sequencing to detect pathogenic mutation in the affected individuals. We found that the patients in the family carry a 3-bp in-frame deletion in the *MYH7* gene, p.K1617del, which has been known to be associated with LDM. Their clinical presentations were severe and progressed fast as compared to those with the same mutation that had been previously reported.^[@bib4],[@bib13; @bib14; @bib15; @bib16]^ The family is the first LDM case in China and supports a wide variety of clinical presentations of the disease.

Materials and methods
=====================

Samples
-------

The large Chinese family investigated in this study consists of 5 generations and 52 members, including 11 unrelated spouses ([Figure 1](#fig1){ref-type="fig"}). Fourteen family members are affected with this disease. Informed consent was obtained from all participants, and blood samples were collected from 18 family members who agreed to undergo genetic testing. The clinical and examination findings of 14 patients are summarized in [Table 1](#tbl1){ref-type="table"}. This study has been approved by the Human Ethics Review Committees of Peking University First Hospital, Kobe University Graduate School of Medicine, and the University of Tokyo.

Sanger sequencing analysis
--------------------------

Genomic DNA was extracted from whole peripheral blood leukocytes. The *MYH7* and *HSPA6* genes were amplified by using TaKaRa Ex Taq polymerase (Takara Bio, Shiga, Japan) and KOD Plus Ver. 2 DNA polymerase (TOYOBO, Osaka, Japan), respectively, according to the corresponding manufacturers' instructions. PCR products were direct-sequenced on the 3730xl DNA analyzer (Applied Biosystems, Life Technologies Corporation, Carlsbad, CA, USA) after purification by Wizard SV Gel and PCR Clean-Up System (Promega, Madison, WI, USA). Primer sequences for PCR and sequencing of the *MYH7* and *HSPA6* genes are available on request.

Microsatellite marker analysis
------------------------------

PCR of microsatellite markers was carried out using TaKaRa Ex Taq polymerase. Genotypes of the microsatellite markers were determined by using Gene Mapper v4.1 on the 3730xl DNA analyzer.

Single nucleotide polymorphism (SNP) array analysis
---------------------------------------------------

SNP genotyping was performed by using GeneChip Mapping 250 K STY Array (Affymetrix, Santa Clara, CA, USA). SNP genotype calls were generated using the BRLMM algorithm in Affymetrix Genotyping Consol v4.0 application.

Linkage analysis
----------------

The SNP High Throughput Linkage analysis system v1.5.1 (SNP HiTLink) was used for linkage analysis.^[@bib17]^ Parametric multipoint linkage analysis was performed using Merlin v1.1.2 program in SNP HiTLink, under the assumptions of autosomal dominant inheritance, complete penetrance and a disease allele frequency of 0.001.^[@bib18]^ SNP genotype data were filtered based on the following threshold values: call rate of control samples \>0.95, *P* value of Hardy--Weinberg equilibrium test \>0.05, minimum minor allele frequencies of control samples=\>0.2, linkage disequilibrium settings of *D*\'=\<0.2 and *r*^2^=\<0.2, minimum interval=5,000 bp, and confidence score of all family members \<0.03. Logarithm of odds (LOD) scores were calculated. Haplotype prediction was implemented by Allegro v2.0 program^[@bib19],[@bib20]^ in SNP HiTLink.

Exome sequencing
----------------

DNA from the affected individuals (IV-14, IV-19, V-4 and V-6) was enriched for the human exome using Sure Select Human All Exon V4 kit according to the manufacturer's protocol (Agilent Technologies, Santa Clara, CA, USA). The enriched DNAs were sequenced on the HiSeq 2000 system (Illumina, San Diego, CA, USA) with 100-bp paired-end runs. The reads were aligned to the UCSC human reference genome (version hg19) with BWA (Burrows-Wheeler Aligner). Variants, including single nucleotide variations (SNVs), insertions and deletions (indels) were labeled using SAM tools (Sequence Alignment/Map Tools) and GATK (The Genome Analysis Toolkit). SNPs deposited in the 1000 Genomes project data or in the dbSNP (build 132) were removed. We searched for heterozygous SNVs and indels shared by the four patients, but not shared by our in-house disease control SNV database (exome sequencing data from 166 Japanese samples, unpublished data). The indels that were not described as pathogenic in the dbSNP (build 137) were excluded. Afterwards, we focused on the SNVs and indels that were located within the linkage regions. Sanger sequencing confirmed the presence of the two most likely candidates after the aforementioned filtering, which resided in the *MYH7* and *HSPA6* genes.

Results
=======

Clinical features
-----------------

The large Chinese family consists of five generations with an autosomal dominant myopathy characterized by onset in early childhood, foot drop, limb-girdle weakness, scoliosis and slow progression ([Figure 1](#fig1){ref-type="fig"}). Fourteen patients in the family had obvious muscular weakness and atrophy. Clinical examination and neurophysiological testing were conducted on the patients ([Table 1](#tbl1){ref-type="table"}). The core clinical phenotypes of their disorder are described below. They were asymptomatic at birth and developed normally in infancy. The age of onset for the disease was between 3 and 10 years, with the first symptoms being toe dorsiflexion difficulty and foot drop. A few years later, most of the symptomatic individuals showed proximal limb weakness, and some developed mild scapular winging, and/or scoliosis. All of them presented calf muscle hypertrophy ([Figure 2a,b](#fig2){ref-type="fig"}). Characteristic features included slowly progressive muscle weakness and atrophy affecting the distal and proximal limbs and girdle. V-6 was considered to be too young to show this phenotype. Their deep tendon reflexes were decreased. They had positive Gower's sign. They had weakness of finger extensor and neck flexion by the age of 50. Their symptoms were relatively symmetric. There was no gender difference in disease severity. They showed no dysarthria, dysphagia or facial muscle involvement. They also did not present with high arched palate, tremors, sensory disturbances, contractures of joints, respiratory failures or obvious cardiac failures. Their intelligence was normal.

Six patients had sclerosis, and four of them, namely, III-5, III-7, IV-14 and IV-19, showed severe scoliosis ([Figure 2c](#fig2){ref-type="fig"}). As a result, their movements were restricted from young adulthood. The patients at 60--70 years of age in the advanced stage either had an inability to walk without aids or could not work. Patients II-2, III-2 and III-5 died at 64--80 years; their lifespans were almost the same as the unaffected family members. Serum creatine kinase level was almost normal (IV-12, V-4 and V-6). Nerve conduction study revealed normal conduction velocity, whereas concentric needle electromyography revealed myogenic changes in patients IV-12 and V-4. Echocardiogram showed normal results (IV-12, V-4 and V-6). We could not obtain agreements for muscle Computed Tomography (CT), muscle Magnetic Resonance Imaging (MRI) or muscle biopsy from the patients.

Linkage analysis using SNP array data
-------------------------------------

This disorder was initially thought to be LGMD1 with childhood onset because it showed autosomal dominant inheritance pattern in the family and the most affected members developed limb-girdle muscle weakness. However, we did not reach a definite diagnosis. Subsequently, we performed genome-wide SNP genotyping for 15 members with blood relationship by Affymetrix GeneChip microarray (QC call rates \>0.96), processed the genotyping data by SNP HiTLink, and performed parametric multipoint linkage analysis by Merlin. To avoid data processing errors, two member sets, namely, F1, consisting of affected individuals only, and F2, consisting of both affected and unaffected individuals, were constructed ([Figure 1](#fig1){ref-type="fig"}). The phenotypes of I-1 and I-2 were defined as unknown. When the F1 set was used, the disease locus was mapped to 4 regions on chromosomes 1q23.2-24.1, 14q11.2-12, 15q26.2-26.3 and 17q24.3. These loci have LOD scores \>0 and peak LOD scores \>1 (maximum LOD scores of 1.81 at *θ*=0 between rs4492615 and rs12121870 on chromosome 1, between rs10129436 and rs1951061 on chromosome 14, and between rs11634785 and rs4965817 on chromosome 15, and a maximum LOD score of 1.64 at *θ*=0 at rs6501530 on chromosome 17; [Figure 3a](#fig3){ref-type="fig"}). On the other hand, when the F2 set was used, the disease locus was mapped only to chromosome 1q23.3-24.1 with a LOD score \>0 (a maximum LOD score of 3.01 at *θ*=0 between rs7544972 and rs10494458 on chromosome 1; [Figure 3b](#fig3){ref-type="fig"}). There were no known LGMD1 loci overlapping these regions. Therefore, we focused on these four genomic regions of \~21 Mb in total as novel LGMD1 locus candidates, especially on the region of 1q23.3-24.1, where the linkage regions of the F1 and F2 sets overlapped.

Whole exome sequencing
----------------------

We checked if the 4 linkage regions contained any copy number variations (CNVs) that are likely to be pathogenic using SNP genotyping data and found none. Subsequently, whole exome sequencing was performed for four affected members of the family (IV-14, IV-19, V-4 and V-6). At first, we found only one heterozygous SNV that was shared by the four patients within the linkage region of 1q23.3-24.1 ([Table 2](#tbl2){ref-type="table"}). It is a novel non-synonymous SNV in the *HSPA6* (heat-shock 70-kDa protein 6) gene on 1q23.3, involving a c.661G\>A nucleotide change and resulting in a p.V221M amino-acid substitution in the HSPA6 protein. This SNV was estimated to be 'probably damaging', 'damaging' and 'deleterious' by the PolyPhen-2, SIFT and PROVEAN softwares, respectively, and was not in our in-house SNV database. Next, this heterozygous c.661G\>A change of the *HSPA6* gene was further investigated in the 18 family members who provided blood samples by Sanger sequencing. All the affected members and, strangely, one unaffected old member (II-7) shared this change. We carefully checked the *HSPA6* gene and found that the gene is positioned at the boundary of the strong linkage region, where the LOD score was decreasing in the F2 set. Haplotype analyses using both SNP and microsatellite genotyping data revealed that the unaffected member (II-7) shared a part of the haplotype with all the affected members on 1q23.1-23.3 where c.661G\>A of *HSPA6* possibly resides ([Supplementary Figures S1 and S2](#xob1){ref-type="supplementary-material"}). Therefore, we concluded that the c.661G\>A change was not a disease-causing mutation but a private mutation in the family and excluded the *HSPA6* gene from the list of candidate genes. Because we did not find any other heterozygous SNVs in the 1q23.2-24.1 region, we decided to search for mutation in the three other linkage regions, namely, 14q11.2-12, 15q26.2-26.3 and 17q24.3. By doing so, we found six additional heterozygous SNVs that were shared by all of the four patients, adding up to a total of seven SNVs in the linkage regions from the F1 set ([Table 2](#tbl2){ref-type="table"}, upper panel). Three out of the six additional SNVs are located in exons or around splice sites. One of these three SNVs is a non-synonymous SNV, which exists in the *TRAV29* gene that is mainly expressed in T cells. Therefore, we concluded that the seven SNVs were not pathogenic.

On the other hand, we mapped indels separately from the aforementioned SNVs. We found 21 heterozygous indels that were shared by all 4 patients within the 4 linkage regions of the F1 set ([Table 2](#tbl2){ref-type="table"}, lower panel). Among the 21 indels, we noticed a 3-bp in-frame deletion in the *MYH7* gene on 14q11.2, c.4849-4851del, which results in a p.K1617del amino-acid deletion. This heterozygous c.4849-4851del of the *MYH7* gene was further investigated by Sanger sequencing in the 18 family members with available blood samples ([Figure 4](#fig4){ref-type="fig"}). This deletion was confirmed to clearly segregate with the disease. The deletion has been known as a pathogenic mutation that causes LDM (rs121913648). The 20 other indels were all found to have been deposited in the dbSNP (build 137) and have not been described as pathogenic. Therefore, we concluded that c.4849-4851del of the *MYH7* gene is the causative mutation of this LGMD1-like myopathy in the Chinese family and made a definite diagnosis of the disease as LDM. Haplotype analyses using both SNP and microsatellite genotyping data revealed that the unaffected members (II-7 and III-14) have a haplotype in common with all affected members on 14q11.2, where the c.4849-4851del of *MYH7* should reside ([Supplementary Figures S3 and S4](#xob1){ref-type="supplementary-material"}). However, the two members II-7 and III-14 did not carry the deletion. Because I-1 and I-2 in the pedigree seemed to have neither subjective nor objective symptoms according to the family history, they might be unaffected. Therefore, it is highly probable that the deletion mutation of the *MYH7* gene in our cases has occurred *de novo* during transmission from the first generation to the II-2 affected individual. This is possibly why the linkage region of 14q11.2 was detected from the F1 set, where the *MYH7* gene exists, but undetectable by linkage analysis of the F2 set.

Discussion
==========

The *MYH7* gene, encoding the slow/beta cardiac myosin heavy chain, is known as the cause of hypertrophic or dilated cardiomyopathy,^[@bib2],[@bib3]^ LDM,^[@bib4]^ and myosin storage myopathy.^[@bib5]^ Thus far, more than 200 dominant mutations in *MYH7* have been reported to be associated with cardiomyopathy, but only a small number of them cause skeletal myopathy. Almost all of them have been found in Caucasians.^[@bib7],[@bib8]^ In Asian people, although many *MYH7* mutations have been reported for cardiomyopathy previously,^[@bib21],[@bib22]^ only one Korean familial case with LDM was reported to carry a mutation in that gene.^[@bib12]^ Here, we describe the clinical and genetic research of a large Chinese family with autosomal dominant myopathy. By genetic analysis of the family, a pathogenic in-frame deletion mutation, p.K1617del, in the *MYH7* gene was detected. To our knowledge, this is the first report of LDM caused by *MYH7* mutation in Chinese and the second in an Asian population.

At first, we suspected that our patients had mimic symptoms of LGMD1 with childhood onset. Recently, the expanded clinical spectrum of LDM caused by *MYH7* mutations has been described.^[@bib9; @bib10; @bib11; @bib12]^ For example, age of disease onset varies, as there is a wide range from birth to 50 years of age. Distribution and severity of muscle weakness also vary. Interestingly, some reports showed clinical heterogeneity in patients with the same mutations in the *MYH7* gene.^[@bib9],[@bib11],[@bib23]^ Several cases with p.K1617del mutation in the *MYH7* gene, the same as described in the present study, have been reported previously.^[@bib4],[@bib16]^ For instance, an Austrian family with the deletion had an onset in the middle teen years, and another German family had an onset in early childhood.^[@bib4],[@bib13],[@bib14]^ Their initial symptoms were weakness of toe and ankle dorsiflexion. The clinical courses were slowly progressive, cardiomyopathy did not appear, and serum creatine kinase levels were normal or mildly elevated. Ambulatory activity was retained in the two families. Another sporadic case with onset in early childhood showed weakness of neck flexion, scapular and pectoral muscles at later stages, followed by scoliosis and contracture of joints at the end stage.^[@bib15]^ A Hungarian Roma family was recently reported.^[@bib16]^ The propositus showed more severe phenotypes including early loss of ambulation at 27 years and kyphoscoliosis. As for the Chinese family in our study, clinical symptoms were consistent with LDM. However, our cases presented with symptoms of truncal and proximal limb-girdle muscle impairment, such as Gower's sign, scapular winging and scoliosis in the early disease phase. They showed more rapid progression than typical LDM cases and had difficulty walking in advanced stage. Therefore, these additional clinical findings indicate that our cases had a severe form of LDM with p.K1617del mutation in the *MYH7* gene and suggest a wide clinical spectrum associated with this deletion mutation.

Although it is still unknown why myopathy associated with *MYH7* mutations presents with a wide variety of clinical symptoms, Tasca *et al.*^[@bib10]^ suggested that it might be influenced by genetic or environmental modifiers. For example, fiber type proportion in human skeletal muscle is different based on race^[@bib24]^ and is influenced by both inherited factors and environmental factors.^[@bib25]^ Our cases showed noticeable symptoms of limb-girdle weakness in the early disease phase and severe scoliosis. A Korean myopathy family with the p.A1439P *MYH7* mutation was described to have prominent paraspinal and proximal muscle involvements.^[@bib12]^ The difference between clinical phenotypes of *MYH7* myopathy in Asia and in other ethnic areas might be associated with geographical differences of genetic backgrounds or environmental factors.

We also detected a novel missense substitution, p.V221M, in the *HPSA6* gene, which encodes a member of 70 -kDa heat-shock protein (HSP70) family. Although most of the function of the HSPA6 protein is still unclear,^[@bib26]^ it might be possible that the *HSPA6* gene is one of the genetic modifiers for the disease and that the missense substitution made the patients in our family relatively severe. HSPA6 is known to form HSP70-heteromeric complexes with HSPA1A and HSPA8, and also form complexes with the 40-kDa heat-shock protein (HSP40) family, which is a co-chaperone of the HSP70 family.^[@bib27]^ The *DNAJB6* gene encodes a member (DNAJB6) of the HSP40 family and has been recently identified to be the causative gene for LGMD1D.^[@bib28; @bib29; @bib30]^ DNAJB6 was reported to be a co-chaperone of HSPA8^[@bib31]^ and interact with the chaperone-assisted selective autophagy complex containing HSPA8, BAG3, STUB1 and HSPB8, which is important for Z-disk maintenance.^[@bib32]^ Mutations in BAG3 cause a myofibrillar myopathy.^[@bib33]^ Moreover, the HSPA6 p.V221M substitution found in this study affects the highly conserved amino acid within the ATPase domain.^[@bib34]^ Furthermore, the valine residue is considered to be the most significant site for hydrophobic interaction between the ATPase domain of HSPA6 and J domain of the HSP40 family.^[@bib35]^ Therefore, it is possible that HSPA6 may bind to DNAJB6 for muscle maintenance and that the p.V221M substitution may alter the binding status of HSPA6, which is not strong enough to be pathogenic but could modify the disease phenotype. However, we could not evaluate this hypothesis, as all of the patients in the investigated family have both the deletion mutation in the *MYH7* gene and the substitution in *HSPA6* and none of them carry only the *MYH7* deletion.

Haplotype analyses indicated that even though the unaffected members II-7 and III-14 have the same haplotype on chromosome 14q11.2 as the affected members, II-7 and III-14 did not have the p.K1617del mutation in the *MYH7* gene. Given that I-1 and I-2 may be unaffected, the finding suggested that the p.K1617del mutation is a *de novo* mutation in the II-2 affected individual. Careful attention should be paid to *de novo* mutations; otherwise, they could mislead us in linkage analysis. Considering that the p.K1617del mutation found in some families has occurred independently in the world,^[@bib4],[@bib15],[@bib16]^ DNA sequences at this site may be naturally vulnerable to deletion, just like the p.E1508del mutation in the *MYH7* gene.^[@bib36]^

Myopathy, including distal myopathy, is a clinically and genetically heterogeneous disease. For diagnosis of myopathy, it is helpful for physicians to take advantage of information from muscle CT, muscle MRI and/or muscle biopsy, in addition to detailed examinations of clinical manifestations. Although we could not obtain the patients' consent for these clinical examinations, a combined approach of linkage analysis and whole exome sequencing had allowed us to make a definite diagnosis of their myopathy as LDM caused by the *MYH7* mutation. Although numerous causative genes for myopathy are known so far, the number of identified genes will certainly increase in the future. New technologic genetic testing, such as next generation sequencing, is a very useful and powerful tool for diagnosis of heterogeneous disease, even if clinical information is limited. In addition, we suggest that as *MYH7* myopathy has a variety of symptoms, genetic tests for *MYH7* mutations should be performed for undiagnosed inherited or sporadic cases with various symptoms of distal myopathy. Further analysis of myopathy is needed to clarify and classify its pathogenic mechanisms.
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![Family pedigree of a Chinese large family with LDM. Asterisk indicates the member whose DNA sample was available. The letter S indicates a patient with severe scoliosis. Question mark indicates individual whose disease status (affected or unaffected) was unclear. The F1 member set consisting of only affected individuals is surrounded by a red line, and the F2 set consisting of affected and unaffected individuals is surrounded by a blue line.](hgv201522-f1){#fig1}

![Clinical features of the patients in the family. (**a**) Mildly winged scapula and scoliosis were present in the V-4 patient. (**b**) Foot drop and calf muscle hypertrophy were present in the V-4 patient. (**c**) Severe scoliosis was present in the IV-19 patient.](hgv201522-f2){#fig2}

![Parametric multipoint linkage analysis of the Chinese family. (**a**) Linkage analysis of the F1 set mapped the disease locus to 4 regions on chromosomes 1, 14, 15 and 17 with peak LOD scores \>1. (**b**) Linkage analysis of the F2 set mapped the disease locus only to chromosome 1. Each dot shows the LOD score at each SNP.](hgv201522-f3){#fig3}

![Sanger sequencing analysis of the patients. A heterozygous 3 bp deletion in the *MYH7* gene, c.4849-4851del, resulting in p.K1617del, was confirmed.](hgv201522-f4){#fig4}

###### Clinical characteristics of the patients

  *Case number*     *Sex/age*    *Age at onset*   *Serum CK level (25--170 IU/l)*   *nEMG*                          
  --------------- ------------- ---------------- --------------------------------- -------- ----- ----- ----- ----- -----------------
  II-2             F/80y, died         NA                       NA                    NA     NA    NA    NA    NA          NA
  III-2            F/68y, died         NA                       NA                    NA     NA    NA    NA    NA          NA
  III-5            F/64y, died     Before 10y                   12y                  40y     45y   50y   14y   ND          ND
  III-7               F/57y            7y                       12y                  36y     45y   52y   14y   ND          ND
  III-9               F/53y            8y                       11y                  30y     45y   40y   NM    ND          ND
  IV-3                M/46y            8y                       12y                  32y     NM    42y   20y   ND          ND
  IV-5                M/40y            6y                       14y                  30y     NM    NM    NM    ND          ND
  IV-12               F/40y            7y                       11y                  30y     NM    35y   NM    171   Myogenic change
  IV-14               M/37y            6y                       10y                  35y     25y   30y   14y   ND          ND
  IV-15               M/35y            6y                       7y                   35y     NM    NM    NM    ND          ND
  IV-18               M/30y            7y                       11y                  25y     NM    NM    NM    ND          ND
  IV-19               F/28y            6y                       12y                  24y     8y    24y   12y   ND          ND
  V-4                 M/14y            3y                       5y                   14y     NM    NM    11y   134   Myogenic change
  V-6                 F/12y            7y                       11y                   NM     NM    NM    NM    86          ND

Abbreviations: CK, creatine kinase; F, female; M, male; NA, not available; ND, not done; nEMG, needle electromyogram; NM, not manifested; y, year.

###### Filtering the called variants by exome sequencing

                                                                               *IV-14*   *IV-19*    *V-4*     *V-6*
  --------------------------------------------------------------------------- --------- --------- --------- ---------
  *SNVs*                                                                                                    
   Called SNVs                                                                 150,251   172,375   231,744   262,960
                                                                                  ↓         ↓         ↓         ↓
   And not in the dbSNP 132                                                     7,485    10,607    14,995    12,969
                                                                                  ↓                         
   And shared by all four individuals                                            194                        
                                                                                  ↓                         
   And not in our in-house database, and heterozygous                             7                         
                                                                                  ↓                         
   And located within the F1 linkage regions (chr1, chr14, chr15 and chr17)       7                         
                                                                                  ↓                         
   And located within the F2 linkage region (chr1q23.3-24.1)                      1                         
                                                                                                                 
  *INDELs*                                                                                                  
   Called INDELs                                                               62,860    60,479    58,671    75,259
                                                                                  ↓                         
   And shared by all four individuals                                           5,125                       
                                                                                  ↓                         
   And heterozygous                                                             1,543                       
                                                                                  ↓                         
   And located within the F1 linkage regions (chr1, chr14, chr15 and chr17)      21                         
                                                                                  ↓                         
   And located within the F2 linkage region (chr1q23.3-24.1)                      4                         

[^1]: These authors contributed equally to this work.
